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Abstract: Immunogenicity is the ability of substances to evoke an immune response such as a
therapeutic protein drug that is considered as a foreign object in the human body. The rise of the
immune response results in the production of Anti-Drug Antibody (ADA) that requires a certain
period to be activated since it is influenced by the number of injected doses of the drug. The entry of
ADA from the depot into the plasma also requires a certain period since the ADA must pass through
a series of compartments, hence rises a delay. Both processes are considered as a natural process
where the system experiences delay with different delay periods. Immunogenicity on therapeutic
protein pharmacokinetics is modelled as a nonlinear delay differential system. From the formulated
model, one positive equilibrium solution is obtained under some conditions. Qualitative analysis
gives a pair of critical delays in terms of a time delay of the accumulation of protein drug injection
and a time required by the ADA to enter the plasma and binding the drug in the plasma. Numerical
simulations show that the critical delays result in the appearance of oscillatory behavior in the system.
For the system to remain stable, the entering process of ADA into the plasma is delayed in
accordance with the obtained critical delay. It is intended such that the injected therapeutic protein
drugs provide an optimal effect.
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1. Introduction

One of the challenges in biotherapy study is the pharmacokinetics of drug therapy due to the
existence of an immune response of the host such as human body against the therapeutic protein. It is
an interesting study when the novel protein therapeutics should be predicted its immunogenic
potential. Some cases of immunogenicity occur in patients where the immune response to protein
therapy has devastating effects for that patient [1-8]. This unwaaecl immunogenicity is the clinical
impact of the appearance of anti-drug antiboa'es (ADA) where it is known that the severity of the
antibody-mediated toxicity depends not only on the affinity but on the functionality of the antibody
[9-11]. Production of anti-drug-antibodies (ADA) will be inactivating the therapeutic effects of the
treatment and anti-drug antibodies (ADA) may lead to allergic reactions, altered pharmacokinetics,
and reduced efficacy [1,12—13]. Therefore, in practice, study the pharmacokinetics of drug therapy is
conducted through the assessment of immunogenicity where antibodies that directed against the
therapeutic protein are measured.

The principal role of ADA in immunogenicity has been extensively studied, including research
that characterized the nature of ADA, such as the magnitude of the ADA response, bond affinity, and
neutralization capacity [14]. Based on the right assumptions and simplified rational mechanism of
the immune system, mathematical modeling can be applied as an approach tool that complements
experimentation and research. This approach cbc used to estimate or even be able to predict ADA
responses to the therapeutic proteins. Sevgeal mathematical models of immune response have been
developed [15-19]. For example, Bell [17] developed a mathematical model to predict the production
of polyclonal m'bodies based on the proliferation of relevant B cell species. Lee et al. [18] simulated
and predicted the adaptive immune response to influenza A virus infection, where the virus triggers
an antibody response and cytotoxic T cell proliferation. Xu et al. [19] considered immunogenicity as
a covariate in pharmacokinetic modeling of therapeutic proteins. The study was conducted by
analyzing the golimumab (a human monoclonal antibody) pharmacokinetic population in ankylosing
spondylitis patients, and finding anti-golimumab antibodies that were significantly affected by
golimumab release. Bonate gggl. [20] also used a statistical approach to characterize immunogenicity.
The approagggwas to model antibody titers using the zero-inflated Poisson random effect model. This
model was able to identify patient specific factors that can influence antibody titers. Similar research
was also carried out by Chen et al. [21] where a pharmacokinetic/ADA mathematical model was
studied to estimate the ADA response quantitatively. This model was based on observing the impact
of ADA on the release of protein drugs. It was assumed that the pharmacokinetic drug changes
contain information about the level and time of ADA generation. This model provided an approach to
the characterization of ADA generation, including maximum ADA response, sensitivity of ADA
response to drug dose levels, affinity maturation rates, time lags to observe ADA responses, and
elimination rates for ADA-drug complexes. Expanding their mathematical study, here, we are
interested to develop model of Chen et al. by adding two natural assumptions. The first assumption
comes from the fact that times are needed by the drugs to accumulate to trigger the production of
ADA. There is no ADA response before the second dose and starting from the second dose, ADA is
produced, and injected as a bolus dose into a depot compartment at the time of drug dosing [21]. This
process can be considered as a delay factor in injecting therapeutic protein drug doses and a delay
response of the ADA production. The second assumption is the natural delay factor that occurs on the
ADA entry process from the depot into the plasma. It also can be considered as a delay process due
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to ADA having to go through a certain series of compartments before it enters the plasma. Instead of
considering a series of compartments, in this study, the series of compartment are considered as a
lumped process with a discrete-time delay. We believe that the mathematical model development will
present another mathematical point of view regarding the study of the level of immunogenicity in the
system.

This paper is organized as follows. In Section 2, we present several assumptions underlying the
development of the mathematical model. In Section 3, we discuss the qualitative analysis of the
model including the existence of a positive steady-state solution and its local stability condmns.
The analysis of the appearance of a Hopf bifurcation is also presented in this section. Some
numerical simulations are also provided in Section 4 to validate our analytical results and to study
numerically effect dthe existence of delay factor in the system to the level of immunogenicity of
therapeutic protein. A summary and some concluding remarks are presented in the last section.

2. Model formulation

Mathematical model of the pharmacokinetic of the therapeutic protein and ADA is formulated
based on the schematic diagram of protein drug-ADA interaction that is depicted in Figure 1 with
appropriate assumptions and reasonable simplifications of the immune system mechanisms. The
model follows the line of Chen et al. [21] with development on the delay compartments. The delay of
entering process of ADA from the depot to the plasma is considered as a lumped process with a
discreet time delay on the ADA variable.

ADA Production
rate (1) ADA in Depot
(4p)
i
Drugin ,
Tissue (Dy) '
1 kT
1
kpe | | kep '
1
. Central Compartment
Injected Drug A

Dose per hour kor!
Drugin _— Complex of ADA
(o) Plasma (D) + <k— & Drug (Cp)
off
ke lk,, ‘l/kc
Figure 1. Schematic diagram represents the effect of immunogenicity on the

pharmacokinetics of therapeutic proteins with delay factors Compartment Ap shows the
amount of ADA in the depot, Ap shows the amount of ADA in the plasma, Dp shows the

@

amount of therapeutic proteins in the plasma, €, shows the amount of complex of
ADA-drugs in the plasma, and D, shows the amount of therapeutic proteins in the tissues.
The solid-arrow line denotes the distribution of ADA and drugs between compartments, the
dot-arrow line denotes the effect of the accumulation of the drug that triggers the
production of ADA, and the dashed-arrow line denotes the part of compartment that is
experiencing delay (the process of ADA enters the plasma from the depot).
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2.1. Non-autonomous model

Let Ap, Ap, Dp, Dy, and Cp respectively denote the amount of ADA in the depot, ADA in
plasma, protein therapeutic in the plasma, and complex of ADA-drug. Modeling the rate change of
Ap. Ap, Dp, Dy, and Cp is formulated based on the following assumptions. Therapeutic protein
drugs are injected into the body at a rate [ through the subcutaneous pathway (under the skin).
With repeated doses of the drug, the amount of ADA in the depot (4p) will be stimulated to enter the
central compartment to bind the therapeutic protein drugs. The accumulated dose of the drug that
affects the ADA production is illustrated by the dashed arrow in Figure 1. It is assumed that the dose
of ADA is injected as a bolus into the A, compartment.

Bolus ADA starts to produce when the drug (protein therapy) was injected (at the second
injection [21]). The dose of ADA is modeled as a saturated function that depends on the exposure to
therapeutic protein drugs (cumulative drug doses) that experience delays because it requires a certain
accumulated dose to stimulate ADA generation. No ADA is stimulated during the first drug dose
interval, due to the delay needed to increase the body's immune response. The production of ADA is
increased as the cumulative drug dose is also increased until the production saturated and reached the
maximum production. Thus, the ADA dose rate that enters to the ADA depot is modeled as the
following saturated function:

Amax 'DP(t _Tl)
1, (t) = ,
4O =D =) T Ky

where Dp(t —1,) is the amount of drug dose in the plasma that triggers the production of ADA.
This function depends on 1., the length of time needed for injection reaches a cumulative drug dose
for stimulating ADA generation. The production of ADA reaches maximum production at A,,, and
the half-maximum production is gpched when the amount of cumulative drug dose is equal k.
ADA at the depot then passes through a series of compartments before entering the central
compartment with a rate constant of k. The series of compartments resulted in a delay for entering
ADA to the central compartment. If the series of compartments are assumed as a lumped process
then the entering process of ADA can be modeled in the form of a delay function witfgyespect to Ap,
namely Ap(t —1;). The variable 1, represents the length of time for Ap to pass through agpries
of compartments before entering the central compartment to bind the therapeutic protein drug. In the
central compartment (in the plasma), ADA can reversely bind the therapeutic protein drugs. As a

result, the binding process will reduce the amount of ADA and drugs in the plasma by RVﬁAPDP
P

with V, representing the distribution volume for ADA and the ADA-drug complex and kg,
representing the rate constant of the ADA-drug binding process. With repeated dose, the bond
between ADA and the drug to form a complex will be strengthened such that an affinity maturation
achieved and the opportunity to break down the complex bond into ADA and free drug becomes
smaller or almost zero. Therefore, k,; will decrease as the time increase. The decreasing of kg is
modeled as an exponential function,

koes = ko - e, (1)

where k, represents the initial value of k. and a represents the rate constant for k. to change
with time [21]. In addition, the complex bond of ADA-drug is naturally eliminated by the body at a
constant rate k.. As well as the drugs and ADA in the plasma which are eliminated at constant rate

AIMS Mathematics Volume 5, Issue 6, 7176-7198.




7180

k. and k,, respectively. Besides the drug is binding to ADA to form a complex, therapeutic protein
drugs in the plasma are also can be distributed to the tissues with a constant rate of kp,. Vice versa,
the protein drug in the tissues can be distributed back to the plasma with a rate constant of k,. By
following these assumptions, we then have a nonlinear differential equation in term of a
non-autonomous system that describes the dynamics of the pharmacokinetic of ADA and therapeutic
protein drug,

dAp Amax Dp

- Bk -A
dt D, +k, ' ~Pm
1

dAp kon
F:kT'ADIZ —kA'Ap —W'AP'DP‘l'koff'Cp,
dp Kon
d_tpzfo—(ke+kpt)'DP+ktp‘DT—V_p'AP'DP+koff'CP, (2)
dCP kcm
W:Tp'AP'DP‘(kc"'koff)'Cm
dD.

T
E:kpt'DP_ktp'DT;

with kopp =ko-e™®", initial conditions Ap(0) = Ap, > 0,Cp(0) = Cp, > 0,D7(0) = Dy >

0,and the historical functions: D, (t) = fB,,Vt € [—1,,0],A,(t) = B,,vt € [-71,,0], for B, .5, €

R*. Throughout the next sections, we define Dp(t—1,)and A,(t —1,) as Dp and Ap .
Ty T

respectively.
2.2. Autonomous model

Consider the rate constant of decomposition of ADA and drug complex in (1). From the
previous studies [21,22], it suggested that the k,fr of antibodies is more variable during affinity
maturation. If we assume that ¢, i.e. the rate constant for k,fy to change with time, is a varying
parameter then a can be considered as a perturbation parameter. Let k,ry decreases as a increases.
Then as a — oo, for any time t > 0,the k,fr will converge to the zero-disassociation rate meaning
that the complexes are binding tightly, and affinity maturation quickly achieved. This fact can occur
for some cases of high-affinity antibodies which bind quickly to the antigen [23 24]. As a result, the
non-autonomous system (2) becomes an autonomous system as follows

dAp AmaxDp

— = kA,
dt D, ko T 0,

dA k
d—:zkr‘ﬂorz _kA'AP_VL:'AP'DPJ

dDp

’(on
a = lo = ke kp) Dy kep - Dy =2 4y Dy, (3)

dCo Kk
a Ty, e Dk G
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dDr
?:kpt'DP _ktp'DT'
Obviously, the complex with tight-binding rate (affinity maturation) is the limiting case of the
immunogenicity system as the rate constant @ = o for some t > 0. This case will be analytically
Balyzed in the further section. On the other hand, the non-autonomous system (2a) can become
equivalent to a six-dimensional autonomous system by introducing an additional differential
equation as follows

d6 (t)

—_— = a,

dt

where 8(t) = at. This six-dimensional autonomous system will be numerically analyzed to
calculate the numerical solutions of the system and to study effects of varying of rate constant a to
the response immune system with or without delays.

3. Results and discussions

3.1. The qualitative analysis of the autonomous model

In this section, we study the qualitative behavior of the system (3) by considﬂ'ng different cases

of delay. The qualitative analysis consists of the study of steady-state solutions, their local stability,
and the existence of local bifurcations of the fixed point. Some discussions and interpretations are
included along with the analysis of the model.

3.1.1. Steady-state analysis

The steady-states of the model are obtained by setting the system (3) equals to zero such that we

have a solution E* = (Ap*, A", Dp",Cp", Dy"), where

A* = Aoy Dp’
D - * »
kr(Dp" + km)
A *_Amax'DP*- kc'Vp
PP * PR
(Dp" +km) (ka ke Vy+kon ke Dp")
C*_Amax'DP*- kon'DP*
! (Dp" + k) kA"t{c'Vp'|'knm'kc'JDP‘,H
k
o Bpro oy
Dy ;;D%

The solution of D, “is the positive roots of a cubic polynomial,
aoDp?® + a;Dp* + ayDp — az=0, 4)
with
ag = kekon ,
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ay = ke § +konkmke +kon(Amax — Ip) ,
ay = kpke & —Ip(§ + kpkon),
az = Ipknys,
= k.qV;:-

Since ay > 0 and a3 < 0, possible sign changes for coefficients (4) are given as follow
+Dp3 iDPZiDP — Q3 =0.

We can observe that there exists at most three changes of sign and at least one change of sign for the
coefficients ofthelynomjal (4). Using Descartes’ rule of sign [27], we get that a unique positive
steady-state exists if one of the following conditions is satisfied, i.e.

kmke §

<lorAd > Iy
Ip(E+kmk on) max D

(HI) 0<
So, the condition HI ensures that Eq (3) has onﬂ one positive root for Dp, the amount of free
protein drugs in the plasma. Therefore system (3) has only one steady-state solution, namely E*, if
it fulfills condition H1.

3.1.2. Local stability and bifurcation analysis

By linearizing system (3) using Taylor expansion around E*, we get the linearized system as

follows,
x(t) = J1 x(t) + Jox(t — 1) + Jax(t — 7o), (5)
with
Ap(©) Ap(D) Ap(t—1,) Ap(t —T13)
Ap(t) Ap(t) Ap(t—11) Ap(t —13)
x() =|Dp(®) |, x() = [Dp(®) [, x(t —11) = |Dp(t — ) |, x(t — 72) = | Dp(t — 72) |,
Cp(t) Co(t) Cp(t —14) Cp(t —12)
Dy () D(t) Dp(t—1,) Dy(t —13)
and the Jacobian matrices,
0 0 0 0 0
0 —(ksa+vy) —A 0 0
L =|0 -y —(ky +kpe+8) 0 k|
0 Y A -k, 0
0 0 ko 0 —ky
00 & 0O —ky; 0 0 0 O
00 0 0 0 kp 0 0 0 O
J2=[0 0 0 0 0/, Js=| 0 0 0 0 0}
00 0 0 O 0O 0 0 0 0
0 0 0 0 O 0O 0 0 0 0
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. kon'Amax'kc'DP*
(Dp" + km)[kA ket Vp + kon ke Dy’

Amax “km

ROSETSE

kon *
A 1}’=_‘DPJ )
"%

System (5) has a characteristic equation in term of implicit function that contains an exponential
form that depends on A (see for instance [25.26] for the references of this method), i.c.
F(A) = 2% 4 CA* + CA% 4 C32% + Cud + [CsA* + Co® + €742 + Cgd + Cole ™72 (6)
+[C10A? + C11 A + Cyple C1472) =,
with
Co=lkp +hythkethkytk.+0+y,

Cy =y(kpe + kep + ko + k) + A(ka + ke + kip) + kakpe + kep + ko + k)

+ke(kpe + kep + k) +kekep
Cs = kp(kehye + keky + koA + Kok, + Kok, + kyyA)

+}'(kckpt + kokyy + kokyy + koke) + ko (kb + kK, kpt) )

pt

Cy = ky(kokppke + kipk D) + y(kokiyk,),

Cszk'r, Cf):CS‘Cll
G =Cs-Cy, Cg=0Cs5- Gy, Cg =C5-Cy,
Co=0Cs-Cy, Cyy =G5+ Gy, Cy, =Cs- Gy

Note that C; > 0, for all i =1,2,3...,12. Solution of the implicit function (6) is difficult to find
explicitly. Therefore, the local stability of E* will be studied by considering the following three
cases based on the value of 7;, i = 1,2.

Casel: 1, =1,=0

Suppose 1; = 1, = 0, then Eq (6) becomes
A+ (CL+CIA+(Co+ CA +(Ca+Cr + Crp)A2 + (Co+Cg + C1)A+ (Co + C13) = 0. (7)

Let aq =C1 +C5,a2 =C2 +Cﬁ,a3 =C3 +C7+C10,a4=C4 +Cg +C11,a5= Cg +C12.
Based on the Routh-Hurwitz stability criteria [22], Eq (7) will produce roots with negative real parts
if it fulfills the following conditions (H2),

1) Dy =lay| >0,

a; Qs

2) D2= 1 a2‘=ala2_a3>0,
a, az Qs

3) Dy = Ay 4| = aya,a; + a;as — az? + a,2a, > 0,
0 a aj
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a, a; dg

0

1 a;, a; 0 5 . .

0 a a al=maaast2aa.as +aazas— (a,%a,? + az?a, + as* +
1 O3 dg

0 1 a, ay

4) Dq,z

a,az’as) >0,

a, az; as 0
1 a; a; 0
5) Ds =10 a; as as
0 1 a, ay
0 0 a; a3 as

= as(a,a,a3a,) + as* (2a,a, + a,a;) — [as(a,?a,® +

= == ]

as’a, + as® + a;a,%as)] > 0.
1
Therefore in the absence of delay, the steady-state E* = (A", Ap",Dp",Cp*, D7) will be stable if it

fulfills H1 and H2 conditions.
Case2: 1, = 0,1, >0

If we consider 7, = 0 and 7, > 0 then Eq (6) becomes,

B4 CiA* + G2 + G A2+ CA +

[CsA* + Ce2® + (C7 + C10)A% + (Cg + C11)A + (Co + Cyp)]e ™2 = 0. (8)

Like Eq (6), Eq (8) forms a transcendental equation in A and 7, that has infinitely many
solutions. Routh-Hurwitz stability criteria are not applicable to determine the solutions of Eq (8).
Since the locally asymptotically stability of E* is determined by tn sign of the real part of A,
therefore investigating the stability of E* is similar to investigating the sign of the real part of the
gots of (8) in the presence t,. It is interesting to investigate whether the stability of E*loss if the
root crosses the imaginary part from left to the right (a purely complex root exists). For that purpose,
we can assume that Eq (8) has an imaginary root, A = iw with w > 0. By substituting A = iw into
Eq (8), we have the following equation,

(iw)s + Cliw)* + C,(iw)* + C3(iw)? + C4(iw) + [Cs(iw)* + C(iw)? + (C; + Cyp) (iw)? +
(CB + Cll)(fw) + (Cq + Cm)]e_(m)rz =0. (9)

Consider that
e~z = cos(wt,) — i sin(wt,). (10)
If we substitute (10) into Eq (9) then we get

[w?(C7 + Cyp) sin(wTy) — w*Cs sin(wty) + w® + wCy — (Cy + C12) sin(wt,) — w?Cq cos(wty) +
w(Cq + C1) cos(wt,) — w?C,] i + [(Cy + Cyp) cos(wTy) + wCy — w?C; — w?C4 sin(wr,) +
w*C cos(wt,) + w(Cqg + C,,) sin(wt,) — w?(C; + C,,) cos(wt,)] = 0. (11)

Equation (11) is fulfilled iff

w?(C; + €Cyp) sin(wT,) — w*Cssin(wT,) + w° + wC,y — (Cy + C1,) sin(wt,) —
w3 Cq cos(wT,) + w(Cy + C14) cos(wt,) — w?C, =0, (12)

and
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(Cy + Cy3) cos(wT,) — 0?C; — w? €4 sin(wt,) + w*Cs cos(wt,) + w(Cy + C14) sin(wr,) —
w?(C; + Cyp) cos(wt,) + w*C, = 0. (13)

If Eqs (12) and (13) are eliminated, we get the following two solutions,

(02[(C6 -GG + (Cl(c:f + Cio) — C2Cs + C3Cs — (Cg + Cn))wﬂ

cos(wt,) = A
" w?[(=C,(Co + C12) — C3(C7 + Cyp) + G5 (Cg + C1y) + C4Co)w?]
A
W’ [C3(Cy + C13) = C4(Cg + C11)]
+ )
A
(14)
and
_ —w[—Cs0® + (C,Cs — C,C + (C7 + C1p))w® = C4(Co + C13)]
sin(wty) = A
+ _(U[(Cl(CB + Cll) - CZ (C?' + Clﬂ) + C3CE - C‘ICS - (Cg + ClZ))m+]
A
+ —m[(C4(C7 + Cio) = G3(Cg + Cy1) + Co(Co + Clz))(ﬂz]
A s
(15)
with
A= CSZCUB + (C62 - 265 (er + C].U)) (06 + ((er + Clg)z - 266(63 + Cl]_) + 2C5(Cg + Clz))(i)’i.
+ ((Ce +C11)2 = 2(C; + Cyp)(Cy + Clz))ﬂiz + (G5 + Cpp)2
By squaring and adding both Eqs (12) and (13), we have
w'® + p,wd +p,wt + pywt +pw? +p; =0, (16)
with
P = C12 —Csz — 20,
D2 = —2C,C5 + 2C5(C7 + C1) + C,° — Co* + 2C,,
Pz = —(C7 +C10)* + 2C6(Cg + C11) + C3” = 265(Co + C1) — 26,64,
Ps = 2C19(Co + C12) = (Cg + €11)” + 26,(Co + C12) + €7,
ps = —(Co + C13)"
Let z = w?, then Eq (16) can be rewritten as
25+ pzt + p,z3 + pyz2 +pz +ps = 0. B (17)

Suppose p; > 0,i =1..4 (H3). Since p; <0 then according to Descartes’ rule of sign,
Equation (17) has only one positive root, namely z* such that w* = +/z*.

Let ¥ = wt,. Notice that the unique solution 9 € [0, 2rr] of (14) and (15) is

AIMS Mathematics Volume 5, Issue 6, 7176-7198.
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(wz[((}, —CC5)w® + (CI(C7 + Cio) — 206 + €505 — (Cg + Cu))wﬂ
19 = arccos A
+ wz[(_cl (Co+ C12) = C5(C7 + Cro) + Co(Cs + Cyy) + C4C6)w2]
) A
wz[C3(C9 + Cz) — Cu(Cs + Cu)])
+ A ,

if sin(9) > 0, and

wz[(Cﬁ - Cle)wf‘ + (Cl (C7 + CID) - CZCB + C’SC.'S - (Cs + Cll))w4]
A
+ wz[(_c1(C9 + Cy5) — G(C; + Cyp) + Co(Cg + Cyy) + C4C6)w2]

¥ = 2m — arccos

A
w?[C3(Cq + Cyp) — Cu(Cy + Cu)])
+ A ,

if sin(¥) < 0. If we define two sequences {rél’j)} and {rfj)} for j =0,1,2,--- then we have
solutions for 7, corresponding to w = w™* as follow

ap _ 1 [ (wz[(c6 — C1C5)° + (C1(C;7 + Cio) = C1C6 + C3C5 — (Cg + C11) )]
TZ = —l|arccos

A
+ wz[(_cl (Co + C13) — C3(C7 + C1p) + C2(Cs + Cyy) + C4C6)w2]

A
+ w? [C3(Co + Cr2) — Cu(Cs + Cll)]) + 2}.”]‘

A
(18)
and
@pn 1 wz[(Cﬁ -G C)w® + (Cl(C?’ + Cio) — C,C6 + C3Cs — (Cg + Cu))wd’]
=g 2m — arccos A
+ wz[(_cl(c‘) + CIZ) - C3(C7 + ClD) + C; (CB + Cll) + C«;Cﬁ)wzl
A
w?[C3(Cy +Cyy) — C,(C3 + C
. [C5(Cs + C1) — Cu(Cs 11)])+2jﬂ.’,
A
(19)
with

A=Clab + (Cﬁ2 -265(C; + Cw)) @® + ((C; + C10)? — 2C6(Co + C11) + 2C5(Co + C13) )

+ ((Cs +C11)? = 2(C; + Ci)(Co + Clz))wz +(Co + C12)%
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Suppose that 7,* = minjez+{rgl’”, rgz’”},then 7" becomes the minimum critical time delay
that will generate purely imaginer solutions for Eq (8). Since for 7, = 0, E* is asymptotically
stable under some Routh-Hurwitz conditions then for 0 < 1,<1,", the steady-nate E* remains
stable. To study the existence of Hopf bifurcation in model (3), it is interesting to investigate the

direction of motion of 4 when 7, is varied. It means that we must inVﬁtigate the transversality

dRe(A)

condition . If the transversality condition is positive, then there exists at least one

T2 -
Ta=T2
eigenvalue with positive real part for 7, > 1," and preserving the conditions for the existence of a

periodic solution. Now suppose that A(t,) = v(1,) + iw(r,) is the solution of Eq (8). So,
dRe(2)
drz

a signum function and Re(A) stands for the real part of eigenvalue A. Let us consider Eq (8).

Differentiating (8) with respect to 7,, we have

v(7;") =0 and w(7,") = w". Next, we will investigate Sign{ rz=rz‘}1 where the sign is

[52* +4C, 2% + 3C,22 + +2C,1 + C,

+{4CsA® +3Cs 22 + 2(C7 + C1)A + (Cg +C11)

; . dAa
— 1,(CsA* + Co A% + (C; + Co) 2% + (Cg + C A + (Cy + Cpp) )Je 2] .
2
=2e72(CsA* + CeA® + (C; + C1)A% + (Cg + C1)A + (Co + C13)),
(20)
which gives
(d/l)_l B SA* + 4C, 2% + 3C, A% + 20,1+ C,
dt,)  2e 212(CoA* + CoA® + (C5 + C1o)22 4 (Cg + C1)A + (Co + C13))
N 4Cs2% +3CsA% + 2(C7 + C10)A + (Cg + C19) T,
A(CsA* + CoA3 + (C; + C1)22 + (Cg + €A+ (Co+ Cyp)) A7
(21)
From Eq (8), we have
ez = A5+ C1AM+C2A34+C3A2+Cy ‘ 22)
C5 At +C5 A3 +(C7+C10)A2 +(Ca+C11) A+(Co+Cy2)
By substituting (22) into (21) we have
(ﬂ)‘l _ SAY+4C1 A3 +3C A2 4203 A+Cy 4C5A3+3C5A24+2(Co+C1p)A+(Ca+C11) 12 23
drty T R4+ AR A2 AHCy) A (CsA*+C A3+ (C7+C1) A2 +(Cg+ C11)A+(Co+Cr2)) A @3)

i -1
Evaluate (d—) at T, = 7," and take the real part, we have
T2
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da -1
Re [(d_'{z) |r2=r2x]

(Bt =3Gw? + C) (w0 - Cw? + ;) + (407 + 26,07) (G0 — Go*®)
w*? [(w”‘ -Gt + C4)2 +(=Cw? + C3w*)2]

(4Cs0™* = 2(C; + C10)w*?) (Csw™ = (€ + Cro)w™? + (Co + C12) )

. . 2 - p
w*? [(Csw*"’ — (G + Gw? + (G + clz)) + (—Cow® + (Cg + cu)w*)‘]
(_3C6'f‘)*3 + (Cs + Cl1)5‘14‘*)(_6},'{‘)*3 + (CS + Cll)m*)

, , 2 , 2]
w*? [(Csm*‘* — (G + Cro)w*? + (Co + Clz)) + (—Cow*® + (Cg + Cu)m*)z]

(24)
Evaluate Eq (15) at w = w*, we have

w*? [(w*a’ - Cw? + C.;)2 + (—Clw*3 + C3w*)2]

) 2 ] )
= (Gw™ = (G + C)w™? +(Co + C1p)) + (~Cow™* + (G + Ci)w")”

(25)
Substitute (25) into (24) gives

di -1
ke [(a) ']

(et =3Gw " + C) (0" - Cw? +C,) + (—4C 07 + 2C,07) (C0° - Cw®)

. 2 : 2
(Csw*" —(C; 4 Cp)w* + (Co + Clz)) +(=Cow*® + (Cg + C11)w")

(4Cs0°% = 2(C; + C1p) ) (Cs0™ = (€7 + Crp)w™? + (Co + C12) )

. 2 ; 2
(Csm*4 — (€7 + Crp)w*? + (Co + Clz)) + (—Cow** + (Cg + €1 w*)

(=3Cew™ + (Ca + €11 ) (—Cow™ + (Cy + C1y))

2 5
(Cso™* = (C; + Cip)a™? + (Co+ €1)) + (—Cow™™ + (G + G )’

(26)
From Eq (16), for z = w"‘z, let
F(z) =25 + (C,* = C* — 2C,)z* + (—2C,C5 + 2C5(C, + Cy) + €2 — C* + 2C,) 28
+ (—(C7 + C10)? + 2C6(Cy + C11) + G5 — 2C5(Co + Crp) — 2C,C4)2?
+ (2C10(C9 +Cpp) — (G + C11)2 +2C;(Co+ Cip) + C-;z)z —(Cy + CIZ)Z-
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Then Eq (26) can be rewritten as

- Z -
Csw™ — (C; + Cro)™? + (Co + Clz)) + (—Cew™® + (Cg + C1p)w*)

Since
dRe() day™
sign - = signiRe (—) le)=z.* | (0
dr, |77 dt, 2=
then
. dRe(1)
sign an, |
F" m*Z
=sign ( )

. 2 - 2
(Csm*‘* — (G + Crp)w*? + (Co + Cm)) + (—Cow** + (Cg + Cr)w*)

Based on the assumptions applied for Descartes’ rule of sign in Eq (16), condition H2, we have

1
dRe(A . N ;
;r(z) rz=rz‘}>0- This result implies that the transversality

F'(z) > 0. Then we get sign{

condition holds, hence the model (2) undem) Hopf bifurcation at @ = w*, 73 = 7,*. Summarizing
our results for the second case of analysis, we have the hllowing theorem.

Theorem A. Under the conditions HI-H3, system (2) experiences Hopf bifurcation around the
positive steady-state E* = (Ap*,Ap’,Dp*,Cp*,Dy") at T, = 0 and 1, = 1,". Moreover, if T, =0
and T, < 13", E* is locally asymptotically stable; otherwise, E* is unstable.

Case 3: 17,7, >0

In this case, we assume that the delays exist both in the injection of therapeutic protein and the
distribution of ADA from the depot to the plasma. If 7; > 0 and 1, > 0 then we have

A5+ G2 + G2 + CaA? + A+ [Cs2* + CoA + Co2% + Cod + Cole ™22
+ [C10A2 + Cyy A + Cpple AT+m2) =

(27)
a transcendental equation which depends on A, 7,, and 7,. In the same way, as we have done in
case 2, we assume A = iw, w > 0. Then we have

(i)° + C,(i0)* + C;(i)? + C3(i)? + Cy(iw)
+ [C5(iw)* + Cg(iw)? + C, (iw)? + Coliw) + Cole™ @2
+ [Cho(iw)?* + Cyy (iw) + Cpple™'@(1¥72) =,

(28)
Since

e iwT2 — CUS((‘)TZ) —1q Sin((»UT2)J
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and

e t0TH) = cos(wry + wty) — i sin(wr; + wty)
= [cos(wT;) cos(wt,) — sin(wt;) sin(wT,)]
— i [sin(wTy) cos(wTy) + cos(wty) sin(wt,)],

then Eq (28) becomes

[w?Cyp(sin(wTy) cos(wTy) + cos(wt,) sin(wt,)) + w?C; sin(wrt,)

+ wCq; (cos(wt,) cos(wt,) — sin(wt,) sin(wt;)) — w*Cs sin(wt,)

— €y, (sin(wTt;) cos(wt,) + cos(wty) sin(wty)) + w® — w?C, cos(wt,) — w3 C,

+ wC, — Gy sin(wt,) + wly cos(wt,)]i

+ [w*C; — w?C; — w?Cy(cos(wty) cos(wt,) — sin(wrt,) sin(wt,)) + C, cos(wt,)

— w?C; cos(wt,) — w3 C, sin(wt,)

+ wCy; (sin(wt,) cos(wt,) + cos(wt,) sin(wt,))

+ Cy, (sin(wt,) cos(wT,) — cos(wT,) sin(wt,)) + w*Cs cos(wt,) + wCy sin(wT,)]

= 0.

(29)

Equation (29) is fulfilled iff

w? Cyo(sin(wt,) cos(wty) + cos(wt;) sin(wty)) + w?C; sin(wT,)
+ wC;; (cos(wTy) cos(wt,) — sin(wty) sin(wTt,)) — w*Cs sin(wt,)
— C2(sin(wty) cos(wty) + cos(wty) sin(wty)) + w® — w3 C, cos(wt,) — w3C,
+ wCy — Cy sin(wt,) + wCg cos(wty) = 0,
(30)
and

w*C; — w?C; — w?Cp(cos(wty) cos(wt,) — sin(wry) sin(wt, ) + Cy cos(wt,) — w? C; cos(wts,)
— w3C, sin(wt,) + wCy, (sin(wt,) cos(wt, ) + cos(wt,) sin(wt,))
+ €5 (sin(wTy) cos(wTy) — cos(wt,) sin(wT;)) + w*Cy cos(wt,) + wlg sin(wTt,) = 0.

(31)
By eliminating Eqs (30) and (31), we have
1 . .
cos(wt;) = (@9 Cro® + 02 (—2Cr0C0r + Cu1?) +C122)[ w’ Cyp sin(wty)
+ (C,Cyp cos(wTy) — Cyq cos(wt,) + C5Cp ) w®
+ (C5Cyp sin(wty) — C;Cyq sin(wT,) + Cy sin(wt,))w®
+ (C,Cy4 cos(wt,) —C,Cy; cos(wT,)
— C3Cy cos(wty) — C;Cyp + CsCyy — CsCpp)o0*
+ (C5Cy4 sin(wt,) — €,Cqp sin(wt,) — C, €4, sin(wt,))w?
+ (C4Cy5 cos(wTy) — C,Cqq cos(wt,) + CoCyg — C4Cyq + C5Cp5) w?
+ (€4 Gy sin(wt,))w — GGy,
(32)

and
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1

wCpy" + w2 (=2C,Cpy + €11 %) + €1y %)
+ (€,Cyp sin(wT,) — €y sin(wT,))wb
+ (€,€4; cos(wT,) — €€ cos(wTy) — Cpp cos(wty) — CChp + CsCiq)w®
+ (C,Cy1 sin(wTy) —C€,C15 sin(wty) — €301 sin(wty)) w?
+ (C,Cyp cos(wty) — C3C,4 cos(wty) + C,Cp, cos(wty) + Cglhy — C5Ch4
+ C3Ce)w? + (C3€; sin(wty) — €40y sin(wTy))w?
+ (=C4Cy; cos(wty) + CChy — C5Cpp)w].

sin(wt,) = ( [w”Cyp cos(wTy)

(33)
By dividing Eqs (32) and (33), we have
tan(wrt,) = [w? C; cos(wT,) + (C,Cyp sin(wt,) — € sin(wt,))w®
+ (C,C4; cos(wt,) — C,C,q cos(wt,) — €y, cos(wt,) — CCyp + CsCy1)w°
+ (€, €11 sin(wTy) —C,C45 sin(wty) — €301 sin(wt,)) w?
+ (€4Cyp cos(wty) — C3C11 cos(wTy) + €€ cos(wTy) + CyChg — C7Cq4
+ C,Ce)w? + (C5C, sin(wt,) — €, Chy sin(wt,))w?
+ (=C4Cyz cos(wTy) + CoCyy — CyCrz)w]
/ [—@? Ciy sin(wty) + (C1Cyq cos(wTy) — Cyq cos(wty) + CsCrp)w®
+ (C,Cyp sin(wT,) — C,Cq4 sin(wt,) + €5 sin(wT,))w®
+ (C,C,, cos(wT,) —C, €, cos(wT,)
— C5Cy9 cos(wT;) — C;C1o + CoCyy — C5Crp)w*
+ (G, ¢y, sin(wt,) — C,C,q sin(wt,) — C,C,, sin(wt,)) w?
+ (C4C;, cos(wT,) — C,Cy4 cos(wT,) + CoCyg — CgChq + C1Cyp) 02
+ (C4Cyz sin(wty))w — CoCys] .
(34)

Equation (34) shows the relation between 7, and 7,. Solutions of the transcendental function (34)
are a pair of critical time delay 7; and 7, that will generate a periodic solution with purely
imaginary eigenvalues. Suppose Eq (34) is written as an implicit function G(t,7;) = 0. We get the
zeros of G numerically as presented in Figure 2. The red line in Figure 2 represents a collection of
(14, T,) that satisfies Eq (34).
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Figure 2. Level curve of transcendental function G(ty,T,) = 0.
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3.2. Numerical simulations

In this section, numerical solutions of the system (2) are studied by solving the nonlinear delay
differential Eq (2) using dde23 funcu':)n in Matlab (Runge-Kutta for delay differential equation, see [28]
for detail about the method). The set of parameter values used in this simulation is taken from [21]
that estimated from pharmacokinetic of Interferon-Fc Fusion which is a type of therapeutic protein
(see Table 1). Some parameter values are assumed such as the number of drug doses injected into the
body via subcutaneous (lp), the constant rate of kyy (@), and the rate constant of binding ADA-drug
complex (ka). The initial amount of ADA free in plasma is 2 X 1073 mol/kg, the initial amount of
free therapeutic protein drug in tissue is 0.5 X 10™° mol/kg, and the initial amount of ADA-drug
complexes in plasma is 2 x 1075 mol/kg. Whereas, the historical functions used for compartments
that experience delay is 1 X 10> mol/kg for free therapeutic protein drug in plasma, and 4 X 1075
mol/kg for ADA in the depot.

Table 1. Summary of parameter values taken from [21].

Parameter  Value Unit Parameter Value anit
ky 0.05073 h’' k. 0.034 h'
ka 0.0035 h' kep 0.094 h'
ko 36 x10® h'' k, 0.042 h'
A 0.057 h' A s 632 x 1077 molkg
k, 0.019 h' ky, 2.37 x 1071 mol/kg

Figure 3 shows the dynamic of ADA in the depot and the plasma in the absence of delay on the
distribution of ADA from depot to the plasma. We can observe that the amount of ADA in the depot
is declining over time as ADA in the plasma is increasing. This occurs because the ADA in the depot
enters the plasma directly without delay, which then forms a complex to bind drugs that are
considered foreign to the body. Similar behavior occurs for the amount of drug wherein the absence
of delay in the drug accumulation causes the amount of the drug in plasma increases, and the amount
is higher than the amount in the tissue since when the injection occurs plasma is the first
compartment that is entered by the drug. When the binding rate of ADA-drug complex in plasma is
enlarged, the amount of ADA in plasma decreases along with the increasing of ADA-drug complex
(see Figure 4). We can also observe that the increasing binding rate of ADA-drug complex only
affects the amount of ADA and ADA-drug complex. High binding rate is not affect the amount of
drug in the plasma due to the injection occurs directly without delay. Furthermore, when the
disassociation rate constant of ADA-drug complex is variated, we can observe in Figure 5 that the
perturbation is almost does not affects the change of dr mount in the plasma for long time
observation. The perturbation only affects the amount of ADA and ADA-drug complexes in the
plasma. The amount of ADA in the plasma decreses as the disassociation rate constant is also
decrease (i.e. as @ — o). It means that the affinity maturation was achieved as the saturation of
ADA-drug complex occured.

AIMS Mathematics Volume 5, Issue 6, 7176-7198.




7193

Amount of ADA (molkg)

AIMS Mathematics

x10° %10
i | 2
— ——ADAINDepot(Ay | | | | . B Ay
I [ N e ADA in Plasma (Ag) S __,.~"' ----- Drug in Plasma (D)
! . =15 g - I
I*’ “"“--.... g '/ ——— Drug in Tissue EDT)
i -""--._.“_ ey /’
; e - g S
] = J
a 1 ‘»'
k=] &
— I
c I
\ : |/
2 osp4 -
< i
1]
']
k "
0
0 100 200 300 400 500 0 100 200 300 400 500
Time (h) Time (h)

Figure 3. Time evolution of drug and ADA in the absence of delays with k,,, = 3.6 X
10* per hour.
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Figure 5. Time evolution of drug and ADA in the absence of delays with k,, = 3.6 x 10*
per hour and different ko as a function of (a. 1).

Next, assume that there exists effect of delay on the drug acumulation that affects the
production of ADA bolus in the depot and assume that delay also occurs at the distribution of ADA
from the depot to the plasma. Based on the previous analysis (see Figure 1) and by using parameter
values in Table 1, we have 1, = 7.824 and 1, = 8.208. In Figure 6 we can observe that existence of
delays affects directly the amount of ADA, drug, and ADA-drug complex in the plasma compartment.
There exists ossilatory pattern in the transient behaviour of the system that clearly describes the
apperance of Hopf bifurcation on the system. As we can see on Figure 6 that high binding rate of
ADA-drug complexes indicates high immunogenicity on therapeutic protein pharmacokinetics with
oscillatory behaviour eventhough the oscillatory occurs at a small time interval. When the time
observation is increased (see Figure 7), the ocsillatory pattern almost unseen due to a small of
amplitude and a high of frecuency of the solutions. It means that for a large time observation, the
delays have a small effect to the immunogenicity system on the therapeutic protein
pharmacokinetics.

Now let us observe the time evolution of the system in a small-time observation. For studying
the effect of delay on the pharmacokinetics of therapeutic protein, in Figure 8, we show the dynamic
of ADA-drug complex in which the amount of the complexes represents the inactivity of the protein
drug due to the appearance of immune response through the production of ADA that binds the drugs
to form a complex of ADA-drug. We can observe that the existence of delays on the drug
accumulation and the distribution of ADA from depot to the plasma causes the amount of the
complexes in the plasma to go ups and downs. The amount of ADA-drug complex oscillates around
its steady-state. There exists a certain time in which the number of complexes is high indicating high
immunogenicity of a therapeutic protein, vice versa, low immunogenicity is observed at a certain
time of observation. It indicates that the time lag can be adjusted especially the lag that refers to the
drug accumulation that triggers the production of ADA such that the complex formation between ADA
and the protein drug due to immunogenicity on the therapeutic protein pharmacokinetic can be delayed.
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4. Conclusions

We studied a mathematical model of immunogenicity on therapeutic protein pharmacokinetics
by considering the interaction of ADA and the protein drug with delay on the response of the ADA
production due to drug accumulation (injected therapeutic protein drug doses) and natural delay on
the ADA entry process from the depot into the plasma. Effects of the delays on the system caused a
change in the stability behavior and the growth rate of each compartment. With delay factor,
compartments experienced slower growth or faster decline. In addition, the delay also affected the
behavior of the model solutions. It was initially evolved exponentially to oscillate, and Hopf
bifurcation appeared in certain compartments. The delay factor also influenced the number of ADA
in the depot to be greater than in the plasma. This was a good effect on the host body because the
amount of ADA in the plasma that would deactivate the drug performance was quite small, so the
drug could have more optimal effects on the host body. An appropriate critical delay could be chosen
based on the critical time delay obtained on the analysis results.

Acknowledgments
The aumrs thank the reviewer for their valuable responses to increase the quality of the paper.

This work was supported by the Institute for Research and Community Service, Hasanuddin
University [ grantnumber 1740/UN4.21/PL.01.10/2019].

Conflict of interest

The authors declare that there is no conflict of interest regarding the publication of this paper.

AIMS Mathematics Volume 5, Issue 6, 7176-7198.




7197

References

1.

10.

I1.

12.

13.

14.

15.

16.

17.

J. A. Pedras-Vasconcelos, The Immunogenicity of Therapeutic Proteins-What you Don’t Know
Can Hurt YOU and the Patient. SBIA REdI Fall, Ed.; U.S. Food and Drug Administration:
Silver Spring, MD, USA, 2014. Available from:
https://www.fda gov/files/drugs/published/The-immunogenicity-of-therapeutic-proteins--what-y
ou-don%E2%80%99t-know-can-hurt-Y OU-and-the-patient--Fall-20 14.pdf.

J. M. Carton, W. R. Strohl, Chapter 4-Protein therapeutics (introduction to biopharmaceuticals),
Intro. Biol. Small Mole. Drug Rese. Develop., (2013), 127-159.

N. Chirmule, V. Jawa, B. Meibohm, Immunogenicity to therapeutic proteins: Impact on PK/PD
and Efficacy, AAPS J.,14 (2012), 296-302.

K. D. Ratanji, J. P. Derrick, R. J. Dearman, et al. Immunogenicity of therapeutic proteins:
Influence of aggregation, ]. Immunotoxicol, 11 (2014), 99-109.

A. Kuriakose, N. Chirmule, P. Nair, Immunogenicity of biotherapeutics: Causes and association
with posttranslational modifications, J. Immunol. Res., 2016 (2016), 1-18.

S. Tourdot, T. P. Hickling, Nonclinical immunogenicity risk assessment of therapeutic proteins,
Bioanalysis, 11 (2019), 1631-1643.

G. Shankar, S. Arkin, L. Cocea, et al. Assessment and reporting of the clinical immunogenicity
of therapeutic proteins and peptides-harmonized terminology and tactical recommendations,
AAPS ], 16 (2014),658-673.

B. Chen, J. Q. Dong, W. J. Pan, et al. Pharmacokinetics/pharmacodynamics model supported
early drug development, Curr Pharm Biotechnol., 13 (2012), 1360-1375.

A. Smith, H. Manoli, S. Jaw, et al. Unraveling the effect of immunogenicity on the PK/PD,
efficacy, and safety of therapeutic proteins, J. Immunol. Res., 2016 (2016), 1-9.

W. H. Boehncke, N. C. Brembilla, Immunogenicity of biologic therapies: Causes and
consequences, Exp. Rev. Clin. Immunol., 14 (2018), 513-523.

B. W. Neun, Y. Barenholz, J. Szebeni, et al. Understanding the Role of Anti-PEG Antibodies in
the Complement Activation by Doxil in Vitro, Molecule, 23 (2018), 1700.

S. Kathman, T. M. Thway, L. Zhou, et al. Utility of a bayesian mathematical model to predict the
impact of immunogenicity on pharmacokinetics of therapeutic proteins, AAPS 1., 18 (2016),424.

E. M. 1. van Brummelen, W. Ros, G. Wolbink, et al. Antidrug antibody formation in oncology:
Clinical relevance and challenges, Oncologist, 21 (2016), 1260—-1268.

S. Gupta, S. R. Indelicato, V. Jethwa, et al. Recommendations for the design, optimization, and
qualification of Cell-Based assays used for the detection of neutralizing antibody responses
elicited to biologycal therapeutics, J. Immunol. Methods, 32 (2007), 1-18.

X. Chen, T. P. Hickling, P. Vicini, A mechanistic, multiscale mathematical model of
immunogenicity for therapeutic proteins: Part 1-Theoretical model, CPT Pharmacometrics Syst.
Pharmacol., 3 (2014), e133.

L. Hamuro, G. S. Tirucherai, S. M. Crawford, et al. Evaluating a multiscale mechanistic model
of the immune system to predict human immunogenicity for a biotherapeutic in Phase 1, AAPS
J.,21(2019), 94.

G. 1. Bell, Mathematical model of clonal selection and antibody production, ] Theor Biol., 29
(1970), 191-232.

AIMS Mathematics Volume 5, Issue 6, 7176-7198.




7198

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.
28.

>

H. Y. Lee, D. J. Topham, S. Y. Park, et al. Simulation and prediction of the adaptive immune
response to influenza a virus infection, J. Virol., 83 (2009), 7151-7165.

Z. H. Xu, H. Lee, T. Vu, et al. Populations pharmacokinetics of golimumab in patients with
anklosing spondylitis: Impact of body weight and immunogenicity, Int J Clin Pharmacol Ther.,
48 (2010), 596-607.

P. L. Bonate, C. Sung, K. Welch, et al. Conditional modeling of antibody titers using A
Zero-Inflated poisson random effect model: Application to fabrazyme,) Pharmacokinet Phar., 35
(2009), 449-459.

X. Chen, T. P. Hickling, E. Kraynov, et al. A mathematical model of the effect of immunogenicity
on therapeutic protein pharmacokinetics, AAPS 1.,15 (2013), 1141-1154.

J. Foote, C. Milstein, Kinetic maturation of an immune response, Nature, 352 (1991), 530-532.
B. S. Alexandra, N. Radhika, H. Paul, Novel Approaches and Strategies for Biologics, Vaccines
and Cancer Therapies, Chapter 9-Biobetter Biologics, New York: Academic Press, (2015),
199-217.

Pacific Immunology, Learning Center: Antibody Affinity and Affinity Maturation, 2020., Available
from:
https://www.pacificimmunology.com/resources/antibody-introduction/antibody-affinity-and-affinity-
maturation/.

S. Yi, P. W. Nelson, A. G. Ulsoy, Time-delay sistems: Analysis and control using the Lambert W
function, World Scientific, Singapore, 2010.

Kasbawati, A. Y. Gunawan, Effects of time delay on the dynamics of a kinetic model of a
microbial fermentation process, ANZIAM J., 55 (2014), 336-356.

1. D. Murray, (1990) Mathematical biology,2Eds., New York: Springer.

L. F. Shampine, S. Thompson, Selving DDEs in MATLAB, Appl. Numer. Math. 37 (2001),
441-458.

© 2020 the Author(s), licensee AIMS Press. This is an open access

% AIMS Press article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 5, Issue 6, 7176-7198.




A MATHEMATICAL STUDY OF EFFECTS OF DELAYS ARISING
FROM THE INTERACTION OF ANTI-DRUG ANTIBODY AND
THERAPEUTIC PROTEIN IN YHE IMMUNE RESPONSE SYSTEM

ORIGINALITY REPORT

8% % 8% %

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Subhas Khajanchi. "Bifurcation analysis of a 20/
delayed mathematical model for tumor ’
growth", Chaos, Solitons & Fractals, 2015

Publication

Kasbawati, Agus Yodi Gunawan, Kuntjoro 1 o
Adjie Sidarto. "Washout and non-washout ’
solutions of a system describing microbial
fermentation process under the influence of
growth inhibitions and maximal concentration
of yeast cells", Mathematical Biosciences,

2017

Publication

Robert Dingman, Sathy V. Balu-lyer. 1
'@ . . <

"Immunogenicity of Protein Pharmaceuticals",

Journal of Pharmaceutical Sciences, 2019

Publication

Barry Neun, Yechezkel Barenholz, Janos 1

. . . <Il%
Szebeni, Marina Dobrovolskaia.
"Understanding the Role of Anti-PEG



Antibodies in the Complement Activation by
Doxil in Vitro", Molecules, 2018

Publication

Barbara de M. Quintela, Rodrigo Weber dos
Santos, Marcelo Lobosco. "On the Coupling of
Two Models of the Human Immune Response
to an Antigen", BioMed Research
International, 2014

Publication

<1%

Kasbawati, A Kalondeng, N Aris, N Erawaty, M
| Azis. "A Kinetic Modelling of Enzyme
Inhibitions in the Central Metabolism of Yeast
Cells", Journal of Physics: Conference Series,
2018

Publication

<1%

=

Interdisciplinary Applied Mathematics, 2016.

Publication

<1%

M.E.E. Abashar, S.S.E.H. Elnashaie.
"Multistablity, bistability and bubbles
phenomena in a periodically forced ethanol
fermentor", Chemical Engineering Science,
2011

Publication

<1%

Pontes, R.F.F.. "Analysis of integrated kinetic
and flow models for anaerobic digesters",
Chemical Engineering Journal, 20060901

Publication

<1%




10

Kasbawati, Rusni Samsir, Sulfahri, Andi Kresna
Jaya, Anisa Kalondeng. "Determining an
appropriate unstructured kinetic model for
batch ethanol fermentation data using a
direct search method", Biotechnology &
Biotechnological Equipment, 2018

Publication

<1%

11

Peter L. Bonate. "Conditional modeling of
antibody titers using a zero-inflated poisson
random effects model: application to
Fabrazyme®", Journal of Pharmacokinetics
and Pharmacodynamics, 09/30/2009

Publication

<1%

Robert Dingman, Sathy V. Balu-lyer.
"Immunogenicity of Protein Pharmaceuticals",
Journal of Pharmaceutical Sciences, 2018

Publication

<1%

Abbiana R. Arenas, Neil B. Thackar, Evan C.
Haskell. "The logistic growth model as an
approximating model for viral load
measurements of influenza A virus",

Mathematics and Computers in Simulation,
2017

Publication

<1%

B. MUKHOPADHYAY, ASHOKE BERA, R.
BHATTACHARYYA. "DIFFUSIVE INSTABILITY
AND TRAVELING WAVES IN A MANGROVE
ECOSYSTEM FOOD-CHAIN MODEL WITH

<1%



DELAYED DETRITUS RECYCLING",
International Journal of Biomathematics, 2011

Publication

Kyrychko, Y.N.. "Global properties of a <1 o
delayed SIR model with temporary immunity
and nonlinear incidence rate", Nonlinear
Analysis: Real World Applications, 200507
Publication
Harald Kropshofer, Thomas Singer. "Overview <1 o
of Cell-Based Tools for Pre-Clinical
Assessment of Immunogenicity of
Biotherapeutics", Journal of
Immunotoxicology, 2008
Publication
José David Gémez-Mantilla, IAaki F. Trocdniz, <1 o
Zinnia Parra-Guillén, Maria J. Garrido. "Review
on modeling anti-antibody responses to
monoclonal antibodies", Journal of
Pharmacokinetics and Pharmacodynamics,
2014
Publication
Price, lan, Ericka D. Mochan-Keef, David <'] o

Swigon, G. Bard Ermentrout, Sarah Lukens,
Franklin R. Toapanta, Ted M. Ross, and Gilles
Clermont. "The inflammatory response to
influenza A virus (H1N1): An experimental and
mathematical study", Journal of Theoretical
Biology, 2015.

Publication



Shanshan Chen, Junping Shi, Junjie Wei. "Time <1 o
Delay-Induced Instabilities and Hopf ’
Bifurcations in General Reaction-Diffusion
Systems", Journal of Nonlinear Science, 2012
Publication
So, J.W.H.. "Numerical steady state and Hopf

. : . e <%
bifurcation analysis on the diffusive
Nicholson's blowflies equation", Applied
Mathematics and Computation, 20000501
Publication
X Chen, TP Hickling, P Vicini. "A Mechanistic,

. . <l%
Multiscale Mathematical Model of
Immunogenicity for Therapeutic Proteins: Part
1-Theoretical Model", CPT: Pharmacometrics
& Systems Pharmacology, 2014
Publication

Smith, H.W.. "Detection of antibodies against <1 o

therapeutic proteins in the presence of
residual therapeutic protein using a solid-
phase extraction with acid dissociation
(SPEAD) sample treatment prior to ELISA",
Regulatory Toxicology and Pharmacology,
200712

Publication

Exclude quotes On Exclude matches < 5 words



Exclude bibliography On



